types and species. Interestingly, the primary sequence remains largely unexplored. In this study, we found of the L3V domain of each IP 3 R subtype is well conthat ERp44, an ER lumenal protein of the thioredoxin served among animal species, suggesting that this dofamily, directly interacts with the third lumenal loop of main is involved in subtype-specific regulation. How-IP 3 R type 1 (IP 3 R1) and that the interaction is dependent ever, the function of the L3V domain remains largely on pH, Ca 2؉ concentration, and redox state: the presunexplored. ence of free cysteine residues in the loop is required. cal significance, remain unknown.
To elucidate the molecular mechanism underlying strong evidence that ERp44 directly inhibits the channel activity of the IP 3 R1 in a pH-, redox state-, and [Ca 2ϩ ] ERsubtype-specific regulation of IP 3 Rs on the ER lumen side, we searched for proteins that bind to the L3V dodependent manner. This is the first demonstration of negative regulation of IP 3 Rs by a specific binding protein main of IP 3 Rs. We succeeded in identifying ERp44, a thioredoxin (TRX) family protein previously implicated in the ER lumen. We anticipate that our results will contribute to understanding of the mechanism by which in oxidative protein folding, as a protein that specifically binds to the L3V domain of IP 3 R1. The presence of THD in ERp44 suggests that its func-1L3V-Fc protein by fusing the secretion signal and hution is redox dependent. Both GST-1L3V and ERp44 man immunoglobulin Fc domain to the N and C termini, were predominantly in their oxidized forms, and addition respectively, of the L3V domain of IP 3 R1 (1L3V) and then of the reducing reagent dithiothreitol (DTT) reduced both used it to prepare affinity resin. When an initial attempt according to their migration patterns on SDS-PAGE ununder neutral conditions (pH 7.5, data not shown) failed der nonreducing conditions ( Figure 2C ). No interaction to detect any specific 1L3V-Fc binding protein in the between these oxidized forms was observed at pH 7.5 mouse cerebellar microsomal fraction, we performed a ( Figure 2C , lane 1), while the reduced forms did interact similar experiment under acidic conditions (pH 5.2) and ( Figure 2C , lane 2). It was thus concluded that ERp44 and succeeded in identifying two proteins that bound specif-1L3V bind to each other in a redox-dependent manner at ically to 1L3V-Fc ( Figure 1C) . Analysis of the bands by neutral pH. matrix-assisted laser desorption/ionization-time of flight To determine which of the protein redox states is mass spectrometry revealed the 44 kDa protein to be important, the cysteine residues of the proteins were ERp44 (Anelli et al., 2002) . The 85 kDa protein was identimutated. Mutation of Cys2496, Cys2504, or Cys2527 fied as aconitase, a mitochondrial protein, and was not of 1L3V resulted in decreased interaction with ERp44 further characterized in this study. We then searched ( Figure 2D ), whereas no cysteine mutations in ERp44 for binding proteins for the L3 domains of IP 3 R2 and affected the interaction (Supplemental Figure S2 on the IP 3 R3 (2L3V or 3L3V, respectively) in mouse brain, emCell website). Taken together, these findings strongly ploying the same procedures, but detected none (data suggest that the presence of free thiol groups in 1L3V not shown).
is required for the interaction between 1L3V and ERp44 ERp44 is an ER lumenal protein of the TRX family and at neutral pH. contains a signal peptide, TRX-homology domain (THD),
We next examined whether the interaction between and an ER retention signal, RDEL ( Figure 1D ). ERp44 is ERp44 and 1L3V is dependent on the Ca 2ϩ concentrawidely expressed in mouse tissues (Supplemental Figtion . As shown in Figure 2E , the interaction diminished ure S1 at http://www.cell.com/cgi/content/full/120/1/85/ when the Ca 2ϩ concentration was higher than 100 M. Figure 1C Next, to gain greater insight into the nature of the interaction, we identified the minimum 1L3V-interacting and IP 3 Rs, we performed a series of pulldown experi- in these cells (Figures 3L and 3M) . In DT40-1KO cells, siERp44-3U-transfected cells than in the siControl-3U-transfected cells at all ATP concentrations ( Figure 4D ). on the other hand, expression of RFP-ERp44 had little effect on the peak amplitude ( Figures 3J and 3K) . These These ERp44 knockdown effects were confirmed to be specific by transfecting the cells with RFP-ERp44 ("resresults indicate that ERp44 inhibits IP 3 R1, but not IP 3 R2 or IP 3 R3.
DC1/). Hemagglutinin
cue" experiments, Supplemental Figure S4 ). Knockdown of ERp44 had no effect on the Ca 2ϩ leakage in-IP 3 Rs have a critical function in BCR-induced apoptosis in DT40 cells (Sugawara et al., 1997) . We found that duced by Tg (data not shown). We then performed the same experiments in COS-7 expression of REP-ERp44, but not RFP-RDEL, significantly inhibited apoptosis in DT40-KMN60 cells (Figures cells. Since COS-7 cells do not express IP 3 R1, we predicted that knockdown of ERp44 would have no effect 3N and 3O), but no such effect was observed in DT40-1KO cells (Figure 3O ), implying that inhibition of IP 3 R1 on IICR in this cell line, and the results confirmed our prediction ( Figures 4E-4G ). These findings indicate that by ERp44 affects cell functions, such as apoptosis.
ERp44 specifically inhibits IP 3 R1.
Specific Knockdown of ERp44 Results in Augmentation of IICR via IP 3 R1
Cysteine Residues in the L3V Domain Are Important for Inhibition of IP 3 R1 Activity by ERp44 Next, we used the RNA interference technique to investigate the role of endogenous ERp44 by testing two differNext, we investigated the significance of the cysteine residue(s) in 1L3V in terms of the inhibition of IP 3 R1 by ent small interfering RNA (siRNA) sequences targeted to the open reading frame (siERp44-ORF) and the ERp44. We first investigated whether mutations of these residues in full-length (and GFP-tagged) IP 3 R1 affected 3Ј-untranslated region (siERp44-3U), respectively, of human ERp44. To provide negative controls, we intro-IICR activity ( Figure 5A ). When Cys2527, which is located adjacent to the channel pore region, was mutated, chanduced three-point mutations in these siRNAs (siControl-ORF or siControl-3U, respectively). Western analysis renel activity was completely lost ( Figure 5A ), and this mutant was not used any further. Mutations in Cys2496 vealed both siERp44-ORF and siERp44-3U to efficiently and specifically "knock down" ERp44 in HeLa and and Cys2504, however, had no effect on channel activity ( Figure 5A ). Interaction between these IP 3 R1 mutants COS-7 cells ( Figure 4A) . Unfortunately, however, none of the siRNAs targeted to chicken ERp44 decreased the and ERp44 was significantly decreased (
Figure 5B plays a variety of roles in these cell types (Berridge, 2002) . In view of the fact that ERp44 can regulate IP 3 R1 It is widely accepted that the ER lumen is more oxidizing than the cytosol, and the ratio of reduced to oxidized in a microenvironment-dependent manner, it is tempting to hypothesize that ERp44 is involved in the spatiotemglutathione in the ER lumen has been estimated to be 
